After left-hemicord removal, stimulation in the left rostra1 scratch receptive field elicited rhythmic right hip extensor activity; thus, contralateral spinal circuitry can generate a hip extensor rhythm during ipsilateral rostra1 scratch receptive field stimulation.
Our observations and those of Berkowitz and Stein (1994a,b) support the concept that an ipsilateral hindlimb's normal rostra1 scratch motor pattern is generated by a modular central pattern generator that is bilaterally distributed in the spinal cord.
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The turtle spinal cord contains central pattern generators (CPGs) for ipsilateral hindlimb rostra1 scratching (Robertson et al., 198.5) . For example, the right rostra1 scratch CPG is the set of spinal cord neurons that can generate the normal motor pattern of right hindlimb rostra1 scratching without movement-related sensory feedback (Stein, 1989) . Right hindlimb rostra1 scratching is elicited by tactile stimulation in the right rostra1 scratch receptive field. A spinal turtle with neuromuscular blockade produces a normal electroneurographic motor pattern (ENG) of fictive rostra1 scratching that is an excellent replica of the normal electromyographic motor pattern (EMG) recorded during rostra1 scratching movements (Robertson et al., 1985) .
Most previous work with turtle scratching has focused upon neural activity ipsilateral to the stimulation site (Robertson et al., 1985; Stein, 1989) . The normal fictive motor pattern of right rostra1 scratching includes rhythmic alternation between right hip flexor (VP-HP) and right hip extensor (HR-KF) activity; see Materials and Methods for full names of nerves. The right hip flexor is quiescent when the right hip extensor is active. Right knee extensors (FT-KE and AM-KE) are active during the latter portion of right hip flexor activity. Implied, but not directly stated in this earlier work, is the hypothesis that the ipsilateral rostral scratch CPG is located entirely within the ipsilateral spinal cord.
Contralateral motor neurons are active during scratching by an ipsilateral limb, however (Deliagina et al., 1981; O'Donovan et al., 1982; Currie and Stein, 1989; Berkowitz and Stein, 1994a,b) . This article examines contralateral motor activity during fictive rostra1 scratching. Contralateral interneurons that excite these motor neurons are most likely also active. Experiments with ,fos expression (Barajon et al., 1992) and unit recordings from spinal interneurons (Arshavsky et al., 1978; Berkowitz and Stein, 1994a) provide evidence of bilateral activation of spinal interneurons during ipsilateral scratching in cat and turtle. Some of these interneurons may be members of a scratch CPG; thus, these data support the hypothesis that a scratch CPG for a single limb includes neural elements on both sides of the spinal cord. This paper presents additional evidence that supports this hypothesis for turtle rostra1 scratching.
The "hip-extensor deletion" is a spontaneous variation of normal fictive rostra1 scratching in the turtle. During a rostra1 scratch cycle with a hip-extensor deletion, there is no hip flexor quiescence and no hip extensor activation (Stein et al., 1982; Robertson and Stein, 1988) . Instead, a hip flexor burst immediately follows the previous hip flexor burst; each of these hip flexor bursts displays the characteristic intensity modulations of hip flexor bursts generated during normal rostra1 scratching. During the latter portion of each hip flexor burst, there is activation of the knee extensors FT-KE and AM-KE.
After bilateral removal of posterior segments of the hindlimb enlargement, Martin and Stein (1989) demonstrated that rostra1 scratching responses mainly involved cycles with hip-extensor deletions.
In this article, we examine the contributions of left spinal circuitry to the production of the normaZ pattern of rostra1 scratching, with rhythmic alternation between right hip flexor and right hip extensor bursts. After unilateral removal of the left hindlimb enlargement, stimulation in the right rostra1 scratch receptive field elicits mainly right hip-extensor deletions, a variation of fictive rostra1 scratching. Our results support the hypothesis that contralateral circuitry plays an important role in the production of the normal ipsilateral rostra1 scratching motor pattern.
The present results have been presented previously in abstract form .
Materials and Methods
Surgical prepurution. Red-eared turtles (n = 18), Trachemys scripta elegans (formerly Pseudemys scripta elegans), 330-750 gm, were placed on crushed ice for at least 1 hr prior to surgery to induce hypothermic analgesia (Melby and Altman, 1974) . Every turtle was then spinalized just caudal to the forelimb enlargement by complete spinal transection midway between the D2 (dorsal 2, second post-cervical spinal segment) and the D3 dorsal roots (see Figs. 1, 6A). After spinal transection, the cord was covered with Gelfoam surgical sponges (Upjohn, Kalamazoo, MI) soaked in turtle saline (Robertson et al., 1985) and the opening was sealed with a wax plug that was glued to the shell.
We used two types of experimental preparations. In the first type, termed "bilateral-recording preparation" (n = 1 l), we recorded bilaterally from hindlimb motor nerves during unilateral and bilateral stimulation in the rostra1 scratch receptive fields (see Fig. 1 ). In the second type, termed "left-hemicord removal preparation" (n = 7), we recorded from right hindlimb motor nerves during unilateral stimulation in either the right rostra1 scratch receptive field or the left rostra1 scratch receptive field (see Fig. 6A ). After control recordings were obtained in the second type of preparation, we removed the left halves of six spinal-cord segments, D7-Dl O, S 1, and S2. The D8, D9, and D 10 spinal cord segments are just anterior to the two sacral spinal segments, Sl and S2. Somata of hip flexors and knee extensors reside in D8 and D9; somata of hip extensors reside in D9, DlO, Sl, and S2 (Ruigrok and Crowe, 1984) . Segments D8-S2 are collectively termed the hindlimb enlargement. Mortin and Stein (1989) demonstrated that D7-DlO contain circuitry critical for the production of normal rostra1 scratching motor patterns. After left-hemicord removal, we then repeated the stimulation paradigms that were used before the left-hemicord removal. All surgical procedures were performed while the turtle was maintained in crushed ice with the exception of the left-hemicord removal; this procedure was performed at room temperature after obtaining control recordings.
In the bilateral-recording preparation, the only spinal cord exposure was that required for transection of the D2-D3 segments. In the lefthemicord removal preparation, the D7-DlO, Sl, and S2 segments were also exposed and bathed in turtle saline. In both types of preparation, hip flexor (HF), hip extensor (HE), and knee extensor (KE) hindlimb muscle nerves on the right side were dissected free for ENG recordings (Robertson et al., 1985; Mortin and Stein, 1989) . VP-HP, the hip flexor (protractor) muscle nerve innervating puboischiofemoralis internus, pars anteroventralis, was dissected in all preparations. At least one of the following knee extensor nerves was dissected: AM-KE (triceps femoris, pars ambiens) or FT-KE (triceps femoris, pars femorotibialis). In addition, in some of the bilateral-recording preparations (n = 9) and in all of the left-hemicord removal preparations (n = 7), the HR-KF nerve, innervating flexor cruris, pars flexor tibialis internus and several other muscles that extend (retract) the hip and flex the knee, was dissected. In all bilateral-recording preparations, the corresponding nerves were also dissected on the left side.
After completion of these surgical procedures, each turtle was removed from the ice, allowed to warm to room temperature, and immobilized with gallamine (Flaxedil; American Cyanamid, Pearl River, NY), a neuromuscular blocking agent, at a dosage of 8 mg/kg body weight. Dental wax (Modern Materials Red Utility Wax Strips, Miles, South Bend, IN) was molded into wells to surround each of the surgically exposed regions; the wells were glued to the shell with Permabond 910 adhesive (Permabond, Englewood, NJ). Each peripheral-nerve well was filled with mineral oil. The trachea was intubated and the turtle maintained on artificial respiration for the remainder of the experiment,
In the left-hemicord removal preparation, after completion of control recordings during stimulation in the right and the left rostra1 scratch receptive fields, the left halves of six spinal segments (D7-DlO, S 1, S2) were completely removed. The initial step of left-segment removal was removal of the dorsal portions of these segments' meninges. We then separated the left spinal cord from the right spinal cord in segments D7-S2 with a longitudinal midline section. We used the prominent stripe that runs along the dorsal midline of the spinal cord at the junction of the left and the right dorsal funiculi to assist our placement of the microscalpel for the midline section. The microscalpel was gently moved in an anterior/posterior motion to cut down the midline between the left and right dorsal funiculi and through the spinal gray and white commissures. The next cut was a left hemisection at the border of the D6 and D7 segments. Then, the left hemicord in segment D7 was held with forceps and gently pulled back; as the left hemicord was pulled back in segments D7-S2, any remaining connection of the left hemicord with the right hemicord was completely severed with fine iridectomy scissors. All dorsal and ventral roots on the left side of segments D7-S2 were completely cut. Following complete left/right separation of the S2 segment, the left half of the spinal cord was transected at the border of the S2 segment and the Cal (Caudal 1) segment; this completely isolated the left halves of segments D7-DlO, Sl and S2 from the remainder of the spinal cord. The isolated left hemicord was then completely removed. Physiological recordings were obtained after a recovery period of l-2 hr.
Recordings. ENGs from each nerve were obtained using a pair of 100 pm diameter silver wire electrodes immersed in the mineral oil pool. The ENGs were amplified (100-1000 Hz bandpass) and stored on DAT tape (DC-5 kHz bandpass) for later analyses and hard-copy printouts.
Stimulation. Rostra1 scratch motor patterns were elicited by stimulation of specific sites in the right and the left rostra1 scratch receptive fields (Stein and Grossman, 1980; Mortin et al., 1985; Mortin and Stein, 1990) . In most preparations, we stimulated SP2, the most anterior site on the inguinal plate of the shell bridge (Mortin and Stein, 1990) . We used mechanical stimulation applied with the smooth, fire-polished end of a glass rod; in experiments with only unilateral stimulation, we attached the glass rod to a hand-held force transducer. We elicited fictive rostra1 scratching in some bilateral-recording preparations with the following mechanical stimulation paradigm: stimulate on one side for several seconds, continue that stimulation and also stimulate on the other side for several seconds, discontinue stimulation on the first side, and continue stimulation only on the other side for several more seconds. In other bilateral-recording preparations, we elicited fictive rostra1 scratching by delivering electrical pulses to each side via two closely spaced pins placed in each SP2 (Currie and Stein. 1990 ). We usuallv delivered trams of 33 pulses with 320 msec interpulse interval; each pulse was 2-10 V with a duration of 1 msec. In these bilateral-recording preparations, we delivered the trains of electrical stimulation in blocks of six according to the following sequence: left, right, bilateral, bilateral, left, right. We allowed 2-3 min recovery between each stimulus presentation. During bilateral stimulation, pulses were delivered simultaneously to the left and right sides.
Spinal cord morphology in the left-hemicord removal preparation. After all physiological recordings were completed, the remaining portions of the D7-S2 spinal cord were removed for microscopic examination to verify that all of the left halves of segments D7S2 had been completely removed in the earlier surgical procedure. Removal was accomplished by first transecting the whole spinal cord midway along the D6 segment. We held the caudal half of the D6 segment and lifted the cord gently from the canal in a caudal direction. We cut the dorsal and ventral roots as the cord was removed. Midway along the Cal segment, the whole cord was transected to allow complete isolation of the remaining portions of the D7-S2 spinal cord prior to removing the tissue. In five preparations, the right hemicord was transected several additional times and examined with a dissecting microscope. In the fresh tissue, the boundaries of the gray matter and the white matter could be discerned easily; in each of these five preparations, we verified the complete removal of the left half of the spinal cord in segments D7-S2. In two preparations, the right half of the D7-S2 spinal cord was prepared using standard procedures for histological examination of transverse 50 p,rn sections; in both preparations, we verified the com-plete removal of the left half of the spinal cord in segments D7S2. In all seven preparations, we used a camera lucida to sketch each of several sections; in all of these preparations, there was minor damage in the right half of the spinal cord in segments D7-S2. In some locations, there was disruption of axons in the medial part of the right dorsal funiculus and some damage to the medial part of the intermediate right gray matter. The other portions of the right D7-S2 spinal cord displayed a normal morphology.
Analyses for bilateral-recording experiments. Bilateral ENGs obtained in response to electrical stimulation of SP2 were used for detailed analyses; the ENGs were digitized at 2 kHz using Cambridge Electronic Design 14Olplus hardware with SPIKE 2 software (Cambridge, UK). The absolute value of the difference between each voltage measurement and the mean voltage for that channel was obtained ("full-wave rectification"); the mean of 20 successive full-wave rectified measurements was calculated ("integrated") so that there were 100 integrated full-wave rectified data points per second. We used custom software written by Dr. Gavin Perry to determine the onset and offset of each burst of integrated full-wave rectified activity. The average amplitude of each burst was obtained by averaging each of the integrated full-wave rectified values occurring within each burst. We analyzed those hip flexor and hip extensor bursts that followed the first full normal cycle of rostra1 scratching; we only analyzed bursts with onsets and offsets that occurred during stimulation.
We used double-referent phase measurements to calculate the phase of contralateral nerve bursts relative to the activity cycle of the ipsilatera1 hip flexor. We defined a phase of 0.0 and I .O for the events occurring at the onset of the ipsilateral hip flexor burst and 0.5 for events occurring at the offset of the ipsilateral hip flexor burst (Berkowitz and Stein, 199413) . The double-referent phase of an event during an ipsilatera1 hip flexor burst was the latency of the event from ipsilateral hip flexor onset divided by twice the duration of the ipsilateral hip flexor burst; the double-referent phase of an event during ipsilateral hip flexor quiescence was 0.5 plus the value of the latency of the event from ipsilateral hip flexor offset divided by twice the duration of the ipsilatera1 hip flexor quiescence. We used vector addition techniques appropriate for circular statistics (Batschelet, 1981; Berkowitz and Stein, 1994b ) to obtain the mean vector and the angular deviation (= circular analog of standard deviation) of each set of phase measurements. The angle of the mean vector in radians divided by 27r was the mean phase (expressed on a scale from 0.0 to 1.0). The length of the mean vector was used in the Rayleigh test to determine the vector's statistical significance (Batschelet, 1981) .
We performed two types of phase calculations. In the first type, we calculated average phase for several cycles within several episodes of a specific stimulus condition. We analyzed only full cycles with the normal pattern of rostra1 scratching that followed the first full normal cycle of rostra1 scratching; we only analyzed cycles that occurred completely during stimulation. We used Watson's Uz test to determine if there was a statistically significant difference between two samples (Batschelet, 1981) . In the second type, we calculated the average phase for the first cycle of several episodes of a specific condition, for the second cycle, for the third cycle, and for the fourth cycle. In this type of measurement, we used the side whose hip flexor burst had the earliest onset as the referent. We used the Rank-Sum test for circular data to determine if there was a statistically significant difference between the phase of the first cycle and that of each of the subsequent cycles (Batschelet, 1981) .
Anulyses,for left-hemicord removal experiments. We used a different strategy to analyze the episodes in the left-hemicord removal experiments. Hard copies of stimulus-elicited rostra1 scratch episodes were printed using a thermal-array recorder (Astro-Med, West Warwick, RI). The number of complete scratch cycles that occurred during stimulation was determined for each episode. Scratch cycles were classified either as normal (rhythmic alternation between hip flexor activity and hip flexor quiescence) or as hip-extensor deletion (no period of hip flexor quiescence between two successive hip flexor bursts). In a normal cycle, a hip flexor (VP-HP) nerve activity burst preceded a period of hip flexor quiescence. In a hip-extensor deletion cycle, the burst of hip flexor activity was followed immediately by the burst of hip flexor activity of the next cycle; there was not a quiescent period between two sequential bursts and the hip extensor (HR-KF) burst normally occurring at this time was absent. In these cases, the first burst of hip flexor activity was counted as belonging to a hip-extensor deletion cycle if (1) there was an obvious low-amplitude region of the hip Aexor ENG and (2) The sketch illustrates the electrical pulses that were used in some episodes to stimulate in the left and/or the right rostra1 scratch receptive fields. In other episodes, mechanical stimulation was used.
was a separate knee extensor (AM-KE or FT-KE) burst associated with each high-amplitude region of the hip flexor ENG. Only cycles that occurred completely within the period of stimulation were included in the analysis. For normal cycles, the offset of the hip extensor burst or the onset of the next hip flexor burst needed to occur during stimulation; for hip-extensor deletion cycles, the onset of the next hip flexor burst needed to occur during stimulation. Using this classification technique, we calculated the percentage of the total number of cycles in each episode that expressed the hip-extensor deletion. For each turtle, we calculated the average of these percentages for episodes evoked by electrical stimulation as well as a separate average of these percentages for episodes evoked by mechanical stimulation. For each condition in each turtle, we tested the statistical significance of the difference between the control percentages and the left D7-S2 removed percentages with the one-tailed Mann-Whitney U test (Siegel, 1956) .
Results
Biluteral motor output during unilateral stimulation and during bilateral stimulation Bilateral ENGs of motor output'during fictive rostra1 scratching were obtained in 11 turtles using the preparation schematically presented in Figure 1 . In all 11 turtles, we recorded hip flexor (VP-HP) and knee extensor (FT-KE or AM-KE)
ENGs bilaterally; in 9 of 11 turtles, we also recorded hip extensor (HR-KF) ENGs bilaterally. Unilateral cutaneous stimulation of a site in the rostra1 scratch receptive field elicited a vigorous pattern of fictive rostra1 scratching in motor nerves ipsilateral to the site of stimulation ( Fig. 2A,C ; see also Robertson et al., 1985) . The response of right hip nerves to stimulation in the right receptive field shown in Figure 2C was the "normal" pattern of rostra1 scratching that included rhythmic alternation between hip flexor and hip extensor activity. In the normal rostra1 scratch, activation Robertson and Stein, 1988) . Subsequent cycles of the episode in Figure 2A displayed the normal pattern of rostra1 scratching. In both examples of unilateral stimulation, the first nerve to be activated was the hip flexor nerve ipsilateral to the site of the stimulation ( Fig. 2A,C) .
For each example of unilateral stimulation, there was modest activation of hip nerves contralateral to the site of stimulation (for descriptions of contralateral hip flexor activities see also Currie and Stein, 1989; Berkowitz and Stein, 1994a) . Activation of the contralateral hip extensor alternated with activation of the contralateral hip flexor ( Fig. 2A,C) ; this was observed in nine of nine turtles. Activation of the contralateral hip extensor occurred during the initial portion of ipsilateral hip flexor activation (nine of nine turtles). Activation of the latter portion of the contralateral hip flexor burst occurred during ipsilateral hip extensor activation (9 of 11 turtles); in 2 of 11 turtles, no contralateral hip flexor activity was observed during unilateral stimulation. Occasionally in some turtles, the contralateral knee extensor (top trace in Fig. 2C ) was also activated with low amplitude during contralateral hip flexor activity.
Bilateral cutaneous stimulation of a site in the left rostra1 scratch receptive field and of a mirror-image site in the right rostra1 scratch receptive field elicited a vigorous pattern of rostral scratching in both the left motor nerves and the right motor nerves (Fig. 2B) . Initially, there was simultaneous activation of both the left hip flexor nerve and the right hip flexor nerve. After the first cycle on each side, activation of a given nerve alternated with activation of the corresponding contralateral nerve. We observed this pattern of coordinated activity in 11 of I1 turtles. Similar patterns of coordination are also observed during bilateral rostra1 scratching movements . This out-of-phase motor pattern during bilateral rostra1 scratching resembles the out-of-phase coordination of hindlimbs during stepping and swimming movements observed in intact turtles (Walker, 1971; Zug, 1971; Davenport et al., 1984; Field and Stein, 1994) .
Measurements qf' the amplitude and phase of the motor patterns. We analyzed bilateral ENGs during fictive rostra1 scratching in response to electrical stimulation in three turtles. In these turtles, we calculated average values of amplitude and phase for both hip flexor and hip extensor ENGs. We measured the average amplitude of the rectified ENG during each burst of motor activity. The average amplitude of a given nerve in response to an ipsilateral stimulus was taken as the 100% value for each turtle. See Materials and Methods for a complete description of the procedure. For all measurements of hip flexor (HF) amplitude in the three turtles (Fig. 3A) , the average amplitude of a given hip flexor nerve for a contralateral stimulus was considerably less (range of average values, 1 l-3 1%) than the amplitude of the same nerve for an ipsilateral stimulus. These differt June 1995, 15(6) 4347 ences were statistically significant at the p < 0.001 level for each of the three turtles. In all three turtles, the average amplitude of a given hip extensor (HE) nerve for a contralateral stimulus was less than the amplitude of the same nerve for an ipsilateral stimulus (Fig. 3B ). For two of three turtles, these differences were significant; range of average values in these turtles was 25-75%.
For unilateral stimulation, the responses of hip motor nerves to a contralateral stimulus were generally of lower amplitude than those to an ipsilateral stimulus; thus, the bilateral motor output in response to a unilateral rostra1 scratch stimulus was asymmetric.
We also compared the average amplitude of a given nerve in response to a unilateral stimulus to the average amplitude of the same nerve in response to bilateral stimuli. For hip flexor recordings in all three turtles, the average amplitudes for bilateral stimuli were similar to that for a unilateral stimulus (Fig. 3A) . For hip extensor recordings in all three turtles, the average amplitudes for bilateral stimuli were greater than the amplitude of the same nerve for an ipsilateral stimulus (Fig. 3B ). For two of three turtles, these differences were significant; range of average values in these turtles was 127% to 158%. Thus, simultaneous ipsilateral and contralateral stimuli produced a higher intensity of hip extensor activity than either stimulus alone.
We used double-referent phase analysis to describe the timing of contralateral motor output within the ipsilateral hip flexor activity cycle (Fig. 4) . Double-referent phase analysis is appropriate to situations with a variable duty cycle (= duration of hip flexor burst divided by cycle period). See Materials and Methods for a description of phase measurement procedures; Berkowitz and Stein (1994b) also provide detailed justification for doublereferent analyses for turtle fictive scratching. In these analyses, the onset of the ipsilateral hip flexor burst was defined as 0.0 and 1.0 phase and the offset of the same burst was defined as 0.5 phase. An event in the middle of the hip flexor burst had a value of 0.25; an event in the middle of hip flexor quiescence had a value of 0.75. These measurements revealed that, during unilateral stimulation, contralateral hip extensor activity began near the onset of ipsilateral hip flexor activity and ended during the latter portion of the ipsilateral hip flexor burst (Fig. 4) . Contralateral hip flexor activity began during the latter portion of the ipsilateral hip flexor burst and ended near the onset of the next ipsilateral hip flexor burst. Thus, contralateral hip activity was mainly out-of-phase with the corresponding ipsilateral hip motor activity. There was a portion of each cycle in which there was an overlap of left and right hip flexor activities, however; during the latter portion of the ipsilateral hip flexor burst, there was also activation of the contralateral hip flexor nerve. There will be overlapping portions of an out-of-phase pattern if both left and right duty cycles are greater than 50%. Another example of overlap during out-of-phase coordination is the double-support phase of human walking; double support occurs when the beginning of one leg's stance phase overlaps with the end of the other leg's stance phase (Herman et al., 1975) .
When the phase of contralateral motor activity during bilateral stimulation was compared with the corresponding phase during unilateral stimulation, there was a modest phase shift in the onset Figure 2 . Bilateral recordings of fictive rostra1 scratching ENGs in response to electrical pulses delivered to the SP2 positions in the rostra1 scratch receptive fields on the left side (A), on both sides (B), and on the right side (C). In each example, ENGs on both the left and the right sides for knee extensor (FT-KE), hip flexor (VP-HP), and hip extensor (HR-KF) nerves are shown. At each site of stimulation, 33 pulses with 320 msec interpulse interval, 10 V amplitude, and 1 msec duration were delivered. Stimulus artifacts mark the timing of each stimulus pulse. (Fig. 4) . For both of these cases, there was a shift from a phase value near 0.0 to a phase value in the early portion of the hip flexor burst. In all three turtles, these shifts were statistically significant.
The measurements displayed in Figure 4 are phase measurements from cycles that followed the first complete normal cycle (see Materials and Methods for criteria for inclusion of cycles in these phase measurements). During each episode of bilateral stimulation, the phase of the initial cycle was different from the phase of subsequent cycles. In Figure 5 , the onset phase of the contralateral hip flexor burst was plotted as a function of the cycle number in the episode. We analyzed data from four turtles for these analyses. For the first cycle of the episode, the onset phase was slightly greater than 0.0; for subsequent cycles of the episode, the onset phase was near 0.3-0.4. Thus, the initial cycle of each episode displayed in-phase coordination of left and right hip flexors; the subsequent cycles of each episode displayed outof-phase coordination of these nerves. Stein (1978) examined forelimb/hindlimb coordination during swimming movements elicited by electrical stimulation of the spinal cord in a highspinal turtle; this preparation displayed a shift from an in-phase initial response to out-of-phase responses in subsequent cycles. Similar shifts are also observed in analyses of ankle movements during human stepping when in-phase ankle movements prior to lift-off are compared with out-of-phase ankle movements during rhythmic stepping (Herman et al., 1973) .
Right hindlimb motor output in response to unilateral stimulation in the absence of the left half of the spinal cord hindlimb enlargement Recordings of right hindlimb motor output during fictive rostra1 scratching after removal of the left halves of six spinal segments were obtained in seven turtles using the preparation illustrated in Figure 6A . We removed the left halves of the five segments of the hindlimb enlargement (D8, D9, DlO, Sl, S2), as well as the left half of the D7 segment just anterior to the hindlimb enlargement. A camera lucida sketch of a representative crosssection through the remaining right half of the D9 segment is presented in Figure 6B .
We designed this preparation so that we could deliver either an ipsilateral stimulus in the right rostra1 scratch receptive field or a contralateral stimulus in the left rostra1 scratch receptive field (Fig. 6A) . Primary afferents that travel in the left and in the right dorsal roots of spinal segments D3-D6 innervate the left and the right rostra1 scratch receptive fields, respectively (Mortin and Stein, 1990) . Some propriospinal interneurons with axons that descend in the white matter of the right hindlimb enlargement have somata in left gray matter of segments D3-t malized to their unilateral ipsilateral stimulation condition, Lt stim and Rt stim, respectively. Vertical error bars indicate the values of the standard deviation for the average amplitude. B, Graph of average hip extensor (Lt HE and Rt HE) nerve burst amplitude for the three stimulation conditions. Data are normalized to the respective unilateral ipsilateral stimulation conditions as in A. Asterisks indicate that the average amplitude is less than the unilateral ipsilateral stimulation condition at a level of p < 0.001 by the one-tailed Mann-Whitney U test for linear data (Siegel, 1956) . Daggers indicate that the average amplitude is greater than the unilateral ipsilateral stimulation condition, at a level of p < 0.001 by the one-tailed Mann-Whitney U test for linear data. lpsi Cycle Number Figure   5 . Graph of average contralateral hip flexor onset phase relative to the ipsilateral hip flexor cycle for four consecutive cycles of bilateral fictive rostra1 scratching in response to bilateral electrical shell stimulation. Bars represent the average phase of contralateral hip flexor burst onset (Average Contra HF Onset Phase) in double-referent mode. Data from four experiments are illustrated. The side whose hip flexor burst occurred with shortest latency following the beginning of bilateral stimulation was defined as the ipsilateral referent. The data used to calculate each value presented in this graph were significantly different from a random distribution (p < 0.001, Rayleigh test; Batschelet, 1981) . Vertical error bars indicate the values of average angular deviation for burst onset. Asterisks indicate that the values of average hip flexor burst onset in the second, third, and fourth cycles are significantly different than the value in the first cycle at a level of p < 0.001 by the RankSum test for circular data (Batschelet, 1981) . ceptive field; the subsequent section describes responses to stimulation in the left rostra1 scratch receptive field.
Responses to ipsilateral stimulation.
Prior to left-hemicord removal, control recordings from right hindlimb nerves were obtained in response to cutaneous stimulation in the right rostra1 scratch receptive field. In the episode displayed in Figure 7A , all cycles of the response displayed the normal ipsilateral pattern of rostra1 scratching consisting of rhythmic alternation between hip flexor activation and hip flexor quiescence (see also the bottom three traces in Fig. 2C ). In these cycles, hip extensor activation occurred during hip flexor quiescence; knee extensor activation occurred in the latter portion of each hip flexor burst. The column labeled "Control" in Table 1 summarizes the average percentage of cycles per episode that displayed hip-extensor deletions. These recordings displayed a very low percentage of cycles with hip-extensor deletions, that is, they were characterized mainly by the normal pattern of rostra1 scratching consisting of rhythmic alternation between hip flexor activation and hip flexor quiescence.
Subsequent to left-hemicord removal, recordings from right hindlimb nerves were obtained in response to stimulation in the right rostra1 scratch receptive field. Rhythmic bursts of hip flexor activity were observed after left-hemicord removal; activation of knee extensor activity occurred during the latter portion of each hip flexor burst (Fig. 7B) . The hip extensors were not active; there was no hip flexor quiescence between hip flexor bursts. The segments of the hindlimb enlargement (LX-S2) were exposed as was the D7 segment. ENGs of the right knee extensor (AM-KE and/or FT-KE), hip flexor (VP-HP), hip extensor (HR-KF) muscle nerves were recorded during either ipsilateral or contralateral she11 stimulation. Shown is mechanical shell stimulation used in some episodes; in other episodes, electrical she11 stimulation was used. The sketch shows the preparation after the left D7-S2 hemicord has been removed; the preparation was also used prior to left-hemicord removal for control recordings. B, Camera lucida drawing of a representative cross-section of the right D9 hemicord in a preparation with left-hemicord removal.
This motor pattern, the hip-extensor deletion variation of fictive rostra1 scratching, was produced for all cycles of this response. Thus, the left half of the hindlimb enlargement was not necessary for the production of rhythmic hip flexor bursts that occur during the hip-extensor deletion variation of fictive rostra1 scratching. This result is consistent with the hypothesis that neural circuitry, located in the right half of the spinal cord and termed the right hip flexor module, can produce the rhythm of right hip flexor activity in response to stimulation in the right rostra1 scratch receptive field.
In the example illustrated in Figure 7B , all cycles of the response displayed the hip-extensor deletion variation of rhythmic fictive rostra1 scratching. This variation of fictive rostra1 scratching was observed in all of the left-hemicord removed preparations tested. The column labeled "Left D7-S2 Removed" in Table 1 describes the average percentage of cycles per episode that displayed hip-extensor deletions after left-hemicord removal; in this condition, there was a very high percentage of hip-extensor deletions. Very few cycles of the normal motor pattern of fictive rostra1 scratching were observed after left-hemicord removal; thus, the left half of the spinal cord was required for the routine production of the normal pattern of fictive rostra1 scratching. These results therefore support the idea that neuronal circuitry in the kft half of the spinal cord contributed to the production of the normal pattern of$ctive rostra1 scratching in right hindlimb nerves. The CPG for right hindlimb rostra1 scratching is the set of spinal cord neurons that contribute to the production of the normal pattern of fictive right hindlimb rostra1 scratching. These results are thus consistent with the hypothesis that there is a bilateral set of neurons in the spinal cord that contribute to the right rostra1 scratching CPG, that is, neurons in the left half of the spinal cord as well as neurons in the right half of the spinal cord may be members of the right rostra1 scratching CPG.
Responses to contralateral stimulation. Prior to left-hemicord removal, control recordings from right hindlimb nerves were obtained in response to cutaneous stimulation of the left rostra1 scratch receptive field. In the episode displayed in Figure 8A , all cycles of the response displayed a normal pattern of contralateral hindlimb motor activity in response to stimulation of a site in the ipsilateral rostra1 scratch receptive field (see also the bottom three traces in Fig. 2A ). Strong rhythmic activation of hip extensor activity alternated with lower-amplitude hip flexor activity.
Subsequent to left hemicord removal, recordings from right hindlimb nerves were obtained in response to stimulation of the left rostra1 scratch receptive field. Rhythmic bursts of right hip extensor activity were still observed even after left-hemicord removal (Fig. 8B) . Thus, the left half of the hindlimb enlargement was not necessary for the production of right hip extensor rhythmic activity in response to left rostra1 scratch receptive field stimulation. This result was observed in three of seven preparations. In these three preparations, weak rhythmic hip flexor activity was also observed. In one of the other preparations, weak rhythmic hip flexor activity was observed even though there was no hip extensor activity. In the remaining three preparations, no rhythmic activity was observed. Our observations of rhythmic hip extensor activity in three of seven preparations support the hypothesis that neural circuitry, located in the right half of the spinal cord and termed the right hip extensor module, can produce the rhythm of right hip extensor activity in response to stimulation in the left rostra1 scratch receptive field.
Discussion
Contralateral hip nerves were rhythmically activated during stimulation in the ipsilateral rostra1 scratch receptive field; the contralateral motor rhythm was out-of-phase with the ipsilateral fictive rostra1 scratching motor rhythm ( Fig. 2A,C) . Activation (Siegel, 1956) . In all cases, p < 0.001.
of contralateral motor neurons was most likely produced, in part, by contralateral excitatory interneurons. It is a reasonable hypothesis that some of these contralateral interneurons may be members of the ipsilateral limb's rostra1 scratch CPG; this hypothesis received further support from our results following the removal of six left hemisegments (Figs. 7B, 8B) .
The result that, in response to stimulation in the right rostra1 scratch receptive field, the hip-extensor phase of the normal pattern of right hindlimb rostra1 scratching was missing after lefthemicord removal (Fig. 7B) supports the concept that an important part of the right rostra1 scratch CPG is located in the left hemicord. The result that left segments D7-S2 are not needed for the rhythm of right hip extensors in response to stimulation in the left rostra1 scratch receptive field (Fig. 8B) indicates that the ipsilateral limb's rostra1 scratch CPG may include a contralateral neural circuit that generates a rhythm of contralateral hip extensor bursts. In addition, the result that rhythmic right hip flexor activation in response to stimulation in the right rostra1 scratch receptive field was produced after left-hemicord removal (Fig. 7B) supports the concept that ipsilateral circuitry of an ipsilateral limb's rostra1 scratch CPG may include a neural circuit that generates a rhythm of ipsilateral hip flexor bursts. Taken together, these observations provide experimental support for the concept that an ipsilateral limb's rostra1 scratch CPG includes an ipsilateral hip flexor rhythm generator that is coupled to a contralateral hip extensor rhythm generator. The present work adds to previous studies in spinal motor physiology (see Sherrington 1906 Sherrington , 1910 that emphasize the linkage of ipsilateral flexion with contralateral extension.
The present article therefore supports the concept that interneurons that are members of the rostra1 scratch CPG for one hindlimb are distributed bilaterally. A mechanism that can generate such a distribution is that some spinal neurons on one side of the spinal cord may be members of both the right rostra1 scratch CPG and the left rostra1 scratch CPG. A spinal neuron that is "shared" by both rostra1 scratch CPGs would be rhythmically active in response to stimulation in either the right or the left rostra1 scratch receptive field. Many descending axons of turtle propriospinal interneurons were rhythmically active in response to stimulation in either an ipsilateral or a contralateral scratch receptive field; others were activated by stimulation of only one side (Berkowitz and Stein, 1994a,b) . The simplest hypothesis consistent with both these unit-recording data and the present article's data is that there is partial overlap between the left rostra1 scratch CPG and the right rostra1 scratch CPG, that is, some members of one CPG are also members of the other CPG.
We introduce the term "bilateral shared core" to describe rostral scratch CPG neurons that are members of both rostra1 scratch CPGs. A schematic of the hip interneurons that may be members of this bilateral shared core, as well as the motor neurons activated by these interneurons, is presented in Figure 9 . According to this point of view, (1) when the right rostra1 scratch receptive field is stimulated, the CPG neurons of the bilateral shared core are activated along with the unshared CPG neurons of the right rostra1 scratch CPG'; and (2) when the left rostra1 scratch receptive field is stimulated, the CPG neurons of the bilateral shared core are activated along with the unshared CPG neurons of the left rostra1 scratch CPG. The "bilateral shared core" model presented in Figure 9 is only a partial representation of the rostra1 scratch CPGs; unshared CPG neurons are not illustrated in Figure 9 . A more complete model of the rostra1 scratch CPG is required to account for the timing of other motor pools, for example, knee extensors (see Robertson et al., 1985; Berkowitz and Stein, 1994b) . The rostra1 scratch bilateral shared core may also be involved in the generation of other motor rhythms, for example, the pocket scratch (Berkowitz and Stein, 1994a,b; Field and Stein, 1994) . The type of organization presented in Figure 9 has been termed a "modular" organization (Jordan et al., 1986; Jordan, 1991 ; also termed "unit burst generator" by Grillner, 198 1) since excitatory interneurons and inhibitory interneurons that are co-active with a motor pool form a control module for that motor pool. The concept of a module was introduced to explain the relationship between the excitatory drive to a motor pool and the inhibitory drive to its antagonist motor pool. In particular, excitatory interneurons of the module may excite each other as well as agonist motor neurons; some excitatory interneurons of the module may excite inhibitory interneurons that inhibit antagonist motor neurons. Intracellular recordings from hip motor neurons during the hip-extensor deletion variation of fictive rostral scratching provide direct evidence for such modular organization (Stein et al., 1982; Robertson and Stein, 1988) . Strong support for this modular organization as a general feature of vertebrate CPG organization comes from direct interneuronal recordings from spinal neurons during swimming (Roberts et al., 1986; Grillner et al., 1991) .
The concept of a bilateral neuronal core shared by left and right limb CPGs departs from traditional ideas concerning neural control of interlimb coordination (Stein, 1976; Grillner, 1981) . Traditional views assume no sharing of neural elements between the CPG for one limb and the CPG for another limb; interlimb phase control is a result of coordinating neuron output from one CPG that synaptically modulates neural elements in the other CPG. According to the view in the present article, neural elements that may coordinate interlimb phase are embedded into the structure of each limb's CPG via the bilateral shared core. When both CPGs are fully activated, connections among the shared core may be sufficient to ensure an appropriate interlimb phase. This article demonstrated a proper out-of-phase pattern of interlimb coordination in response to bilateral rostra1 scratch receptive field stimulation (Fig. 2B ). This model system may assist future experimental tests of new theoretical models of interlimb phase control.
How does the rhythm generator in the contralateral hindlimb enlargement interact with the rhythm generator in the ipsilateral hindlimb enlargement to produce a normal ipsilateral rostra1 scratch motor pattern? Insight into a possible mechanism may be obtained by examining bilateral recordings during fictive rostral scratching produced by an intact hindlimb enlargement. These recordings demonstrate that during rostra1 scratching evoked by stimulation in the right rostra1 scratch receptive field there is left hip flexor activation during right hip flexor quiescence (Figs. 2C, 4) . Several mechanisms of left/right interaction may contribute to this interlimb phase relationship.
A mechanism relevant to the present article is that inhibitory left enlargement interneurons, that are coactive with left hip flexor activation, may inhibit right enlargement neurons that are coactive with right hip flexor activation (Fig. 9) ; this inhibition may assist in the production of right hip flexor quiescence. Thus, the ab- Figure 9 . Sketch of the proposed organization of the hip modules of the rostra1 scratch bilateral shared core in the turtle spinal cord hindlimb enlargement. Illustrated as members of the bilateral shared core are CPG hip interneurons that are activated when either the left or the right rostra1 scratch receptive field is stimulated. Shown also are hip motor neurons that are activated under either stimulus condition. Neurons are represented with modular organization; members of each module are enclosed in a rectangle. Members of a given module are activated synergically via the outputs of some of the module's excitatory interneurons; excitation is represented as a fork. In addition, others of the module's excitatory interneurons may also excite members of the contralateral module for the opposite type of movement. Some of each module's inhibitory interneurons inhibit members of the ipsilateral antagonistic module; others of each module's inhibitory interneurons inhibit members of the contralateral module for the same type of movement; inhibition is represented as a solid circle. Neurons in this bilateral core for the rostra1 scratch CPGs may also be shared with other bilateral CPGs, perhaps those of other scratch forms and/ or those of each of several forms of locomotion. sence of right hip flexor quiescence observed in the present paper when the left enlargement is removed may be due, in part, to the removal of left enlargement inhibitory interneurons that normally contribute to right hip flexor quiescence. The importance of contralateral sources of inhibition for ipsilateral axial motor control is well established (Roberts et al., 1986; Fetcho, 1991; Grillner et al., 1991) . Our results suggest evolutionary persistence of similar influences for hip motor control (Cohen, 1988) . Mortin and Stein (1989) also observed the hip-extensor deletion variation of fictive rostra1 scratching after bilateral removal of all spinal segments posterior to segment D8. Their result was consistent with the hypothesis that neural circuitry responsible for activation of hip extensors was located in segment D9 and in more posterior segments. When that circuitry was removed, they reasoned there may have been a loss of an inhibitory signal coupled to hip extensor activation that normally contributes to the hip flexor quiescence observed in the normal pattern of fictive rostra1 scratching. Thus, the results of Mortin and Stein (1989) and the present results taken together support the idea that at least two sources of inhibition onto neurons active during ipsilateral hip flexor motor output are required during rostra1 scratching for the production of rhythmic alternation between ipsilateral hip flexor activation and ipsilateral hip flexor quiescence: an ipsilateral source linked to ipsilateral hip extension and a contralateral source linked to contralateral hip flexion. Both sources are indicated in Figure 9 .
We also propose mutual excitation between the ipsilateral hip extensor module and the contralateral hip flexor module (Fig.  9) . During the production of the normal pattern of ipsilateral rostra1 scratching with an intact hindlimb enlargement, this mutual excitation may contribute directly to the excitability of the ipsilateral hip extensor module and the contralateral hip flexor module; increased excitability of these modules may, in turn, contribute to the production of ipsilateral hip flexor quiescence.
The right half of the turtle hindlimb enlargement contains a circuit that can generate the hip-extensor variation of fictive rostral scratching that is characterized by rhythmic hip flexor bursts. The rhythmogenic capacity of the ipsilateral part of the nervous system has been demonstrated in invertebrates (Ronacher, 1989; Murchison et al., 1993) and in vertebrates (Kudo and Yamada, 1987; Soffe, 1989; Kudo et al., 1991) . Thus, the ipsilateral nervous system contains a neural circuit that generates rhythmic motor output in an ipsilateral limb in many organisms. The current study also presents evidence that supports the hypothesis that contralateral circuitry makes a significant contribution to the production of the normal pattern of ipsilateral rostra1 scratching in the turtle. It will be important to examine, in detail, the
